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INTRODUCTION
Plant cells are connected in a 'supracellular network' through plasmodesmata (PD) (Lucas and Lee, 2004) . PD are indispensable for plant growth and development as they are required for the passive transport of photoassimilates Medville, 1998, 2004; Turgeon and Wolf, 2009 ) and the selective transport of transcription factors, RNA and microRNAs (Haywood et al., 2002; Oparka, 2004; Maule, 2008; Lucas et al., 2009) . This continuum also has disadvantages for plants, since the cell-to-cell contacts are points of vantage for plant viruses and other pathogens to permeate throughout the plant (Lee and Lu, 2011) . It is hardly surprising that different plant viruses have developed various strategies to co-opt this system. To this end they encode specialized movement proteins (MP), which are able to bind to and modify PD as well as to recruit cellular machineries for their transport, e.g. microfilaments and myosins (Harries et al., 2009) .
To gain insight into the intra-and intercellular transport machinery we made use of the 17 kDa movement protein (MP17) of the Potato leafroll virus (PLRV). It fulfills the three key qualifications for viral MP, namely RNA binding capability, localisation to PD and the ability to increase the PD size exclusion limit (SEL) (Tacke et al., 1991; Schmitz et al., 1997; Hofius et al., 2001) . High levels of constitutive MP17 expression with a C-terminal GFP fusion (p35S: MP17-GFP) in Arabidopsis lead to growth retardation, development of chlorosis and an export block of carbohydrates in source leaves (Kronberg et al., 2007) . MP17 localises to complex PD in source tissues but not to structurally dissimilar simple PD of developing tissues, where it is degraded by the 26S proteasome. The selective localisation of MP17 to PD built the basis for a forward genetic screen that aimed at identifying host factors required for PD formation and development. Several thousands of plants of an ethyl methanesulfonate (EMS) mutated Col-0/MP17-GFP population were screened for mutants with altered PD binding of MP17. Map-based cloning of one line revealed that the choline transporter-like 1 (CHER1) is essential for PD-accumulation of MP17. Confocal laser scanning microscopy (CLSM) suggests that a single amino acid substitution in the second transmembrane domain interferes with the intra-cellular trafficking of CHER1. Furthermore, microscopic studies demonstrate that mis-targeting of the CHER1 protein or down-regulation of CHER1 expression result in highly reduced PD number and the absence of complex PD in fully developed leaves, explaining reduced MP17-GFP fluorescence in mutant plants. Though choline and phosphocholine levels were reduced in cher1, exogenous supplementation of choline did not rescue the mutant phenotype. Global lipid profiling of developed leaves revealed only slight modifications, suggesting that CHER1 is not required for the overall membrane composition. Nevertheless, changes in the composition of PD-associated lipids cannot be ruled out.
RESULTS

Description of the mutant screening
The luteoviral movement protein MP17 is a versatile tool to study complex PD in plant tissues. MP17 is unable to bind simple PD in sink tissue or PD in senescing leaves. To identify Arabidopsis mutants with altered plasmodesmal binding of MP17, 3840 individuals of the M2 progeny of EMS-mutagenised Col-0/MP17-GFP seeds expressing MP17 fused to GFP were screened for reduced (loss of function) or enhanced (gain of function) binding to PD of source leaves (SO lines) or senescent leaves (SE lines), respectively. This screen revealed 39 lines with a complete loss of fluorescence at PD (non-fluorescent), 6 lines having a modest reduction and six with strong reduction of MP17-GFP binding to PD. As most non-fluorescent mutants turned out to be affected in gene silencing we focused on mutants with reduced PD localisation of MP17-GFP.
Identification of CHER1 as mutant locus for decreased MP17 binding
Based on its phenotype SO15A was the most promising mutant and was therefore selected for further analysis. SO15A plants were characterised by a very strong decrease of plasmodesmal localisation of MP17-GFP in epidermal leaf cells (Figure 1a, b) . The reduced PD localisation of MP17-GFP cannot be attributed to decreased transcript or protein levels as RNA levels are unaltered and protein levels only moderately reduced ( Figure S1 ). For the identification of the mutant locus, line SO15A was crossed with a Landsberg erecta line carrying the same p35S:MP17-GFP allele as Col-0/MP17-GFP. Screening 2244 individuals of the F2-generation identified 442 plants that displayed the SO15A phenotype in terms of growth and reduced MP17-GFP fluorescence. Subsequently, map-based cloning was performed using ecotype-specific SSLP and CAPS markers. Thus, the genomic region linked to the SO15A phenotype could be mapped between position 4 862 259 and 5 264 625 bp on chromosome 3, equal to 402 kb and 171 annotated loci. Due to the lack of additional markers we sequenced the whole genome of SO15A employing next generation sequencing. Although only 70% of the complete genome was covered, the 402 kb interval displayed three-to 50-fold coverage and could be used for further single nucleotide polymorphism (SNP) analysis ( Figure S2 ). The obtained genomic sequence of this interval was compared with the published sequence of Col-0 (Arabidopsis Genome Initiative in 2000 (Kaul et al., 2000) ) and comprised 198 SNPs with only 35 being present homozygously as required (Table S1 ). Out of these, six could be located to intergenic regions, three could be located to transposable element genes, one caused a silent mutation and 22 were found in a SNP analysis of Col-0 with Bur-0 and Tsu-1 (Ossowski et al., 2008) resulting in three remaining relevant SNPs. PCR amplification and re-sequencing of the genomic region spanning the respective SNPs in Col-0/ MP17-GFP and SO15A revealed only SNP #196 being detectable in mutant SO15A but not in Col-0/MP17-GFP. This identified At3g15380 as mutant locus responsible for the SO15A phenotype (we hereafter refer to this line as cher1-5/MP17). At3g15380 encodes the plasma membrane choline transporter family protein CHER1 and the G to A point mutation at position 5 194 520 bp results in a glycine 247 to glutamate 247 exchange in the protein (G247E).
CHER1 is required for PD localisation of MP17
A prediction of the membrane topology of CHER1 using the internet tools MEMSAT3 (http://bioinf.cs.ucl.ac.uk) and TOPO2 (http://www.sacs.ucsf.edu/cgi-bin/open-topo2.py) revealed that CHER1 possesses 10 transmembrane domains, with both termini protruding into the cytoplasm and a big extracellular loop at the N-terminus (Figure 1c ).
The amino acid exchange G247E resides in the second predicted transmembrane domain. To confirm that the mutation in CHER1 is causing the observed phenotype we analysed the T-DNA insertion mutant SALK_065853C (we hereafter refer to this line as cher1-4) with a T-DNA insertion in the first intron ( Figure 1d ). Following confirmation of homozygosity of the T-DNA insertion, CHER1 transcript levels were checked by RT-PCR. We noticed that cher1-4 is not a null allele, but has reduced CHER1 transcript levels as compared to the control ( Figure S3b ). To investigate the effect of a downregulation of CHER1 on MP17 localisation we crossed cher1-4 with the p35S:MP17-GFP expressing line Col-16 (Kronberg et al., 2007) . F2 individuals homozygous for both, the T-DNA insertion and p35S:MP17-GFP (cher1-4/MP17-GFP), were subjected to CLSM. This analysis confirmed reduced PD binding of MP17-GFP in the cher1 knockdown mutant ( Figure S3c ). To obtain additional cher1 knockdown mutants an artificial CHER1 microRNA was transformed into Col-0/MP17-GFP plants. BASTA selection revealed about 50 plants that all displayed the characteristic growth phenotype of cher1-5/MP17-GFP and cher1-4. Downregulation of CHER1 transcript levels was validated by RT-PCR ( Figure S3a ) and CLSM analysis yielded the same reduction of MP17-GFP localisation at PD ( Figure S3c ).
The mutation of CHER1 influences its functionality and results in assimilate accumulation in developed leaves
Compared to fully developed leaves of wild type Col-0 and Col-0/MP17-GFP plants, cher1-5/MP17-GFP and cher1-4 plants are characterised by a strong dwarfism ( Figure 2a ) and a significant accumulation of soluble sugars (Figure 2b) and starch (Figures 2c and S4 ). These data are paralleled by morphological differences of leaf cells ( Figure S4 ) and vascular morphology ( Figure S5 ). While the overall architecture of cher1-4 and wild type developing leaves is similar, fully developed leaves of cher1-4 plants are characterised by extended intercellular spaces and a more irregular shape ( Figure S4 ). Additionally, major veins of cher1-4 mutant plants are smaller as compared to control plants, minor veins, however, did not show apparent deviations from wild type ( Figure S5 ). Overall the vasculature of cher1-4 plants is fully developed and unlikely to be the cause for the observed starch excess phenotype. To seek for the influence of the amino acid exchange G247E, we generated chimeric genes expressing C-terminal GFP fusions of the protein, amplified from wild type Col-0 (CHER1) and the mutant cher1-5/MP17-GFP (CHER1_G247E). These genes were introduced into Agrobacterium tumefaciens and expressed transiently in N. benthamiana ( Figure S6b ). Two days after infiltration, CHER1-GFP localises to vesicular structures and partially co-localises with the coinfiltrated early endosome marker tagRFP-ARA7 (Ueda et al., 2001) (Figure 3a-c) . This observation confirms earlier studies from Yk€ a Helariutta and coworkers (Dettmer et al., 2014) where CHER1-YFP was localised in the trans-Golgi network and early endosomes of Arabidopsis roots. To further support the localisation observed in the transient experiment, we investigated CHER1-YFP localisation in cher1 mutant Arabidopsis plants stably complemented with the chimeric pCHER1:CHER1-YFP gene from Yk€ a Helariutta's group. This analysis confirmed the transient expression data and the previously published localisation in roots ( Figure S6a ). Transient expression of CHER1_G247E-GFP showed no co-localisation with the endosomal marker tagRFP-ARA7 (Figure 3d f), suggesting impaired intracellular targeting of the mutant protein. The amino acid exchange G247E results in a negative charge in the second transmembrane domain. This may prevent proper integration of CHER1 in vesicular bodies and potentially hampers its functionality in planta.
The mutation in CHER1 only slightly alters the global lipid composition of rosette leaves A reduced level of choline and phosphocholine was detected in fully developed cher1-4 leaves compared with Col-0 ( Figure S7 ). This tendency is similar to the choline and phosphocholine levels observed in roots of cher1 mutants as described by Dettmer et al. (2014) . Based on this observation, the reduced choline or phosphocholine content could be the cause for the observed phenotype. In a previous study, (Cruz-Ram ırez et al., 2004) successful complementation of the phosphocholine biosynthesis mutant xpl1 has been reported. To test whether external supply of choline could complement the cher1 mutant phenotype, seeds were germinated on Murashige and Skoog (MS) medium containing 5 or 10 mM choline chloride, respectively. Ten days after germination PD localisation of MP17-GFP was analysed by CLSM. This study revealed no increase of PD-localised GFP signal, indicating that external supply of choline did not complement the cher1 mutant phenotype ( Figure S8 ). Since choline and phosphocholine may serve as precursors for phosphatidylcholine (PC) lipid species as membrane components (Li-Beisson et al., 2013), we investigate whether cher1-4 and cher1-5 mutants are altered in their membrane composition. Leaf tissue of cher1 and Col-0 lines was subjected to molecular species analysis of membrane lipids. The global profile of membrane lipids showed no major differences between cher1 and Col-0 ( Figure 4a and Table S3 ). This suggests that cher1 cellular membranes are able to maintain their global compositional homeostasis. However, this analysis does not rule out that the composition of PD-associated lipids has been altered. These changes would be difficult to be detected in global lipid profiles, since PD constitute only a negligible portion of the total membrane surface. A closer look into the detailed molecular species distribution revealed, among minor fluctuations, a recognizable pattern in the distribution of PC (Figure 4b ), and to a minor extent of phosphatidylethanolamine (PE ; Table S3 ). Within the four major PC molecular species, those harbouring linolenyl chains (18:3) in the absence of linoleyl chains (18:2) tended to accumulate in the wild type; whereas linoleyl (18:2) containing species had a slightly higher relative accumulation in both cher1 mutants (Figure 4b ).
CHER1 is required for plasmodesmata formation and development
To analyse whether CHER1 and its potential effect on lipid composition specifically influence MP17 localisation or PD in general, we performed aniline blue staining to detect callose deposition at PD in living cells (Radford et al., 1998) . Compared with wild type Col-0 we observed a strong reduction of aniline blue signals at the cell wall of cher1-4 epidermal cells ( Figure 5 ) similar to the diminished MP17-GFP signal in the cher1-4/MP17-GFP mutants (Figure S3c) . Considering reversible callose deposition being involved in regulating the gating of PD, the aniline blue stain indirectly visualizes PD (Zavaliev et al., 2011) . To further analyse the number and the ultrastructure of PD of developing and fully developed leaves in Col-0 and cher1-4 mutants, transmission electron microscopy (TEM) was performed. To evaluate the PD-quantity in four biological replicates on cross sections at the ultrastructural level, 81-214 cell wall interfaces of connecting cells of two different cell types and two different developmental stages were analysed and considered for statistical analysis. PD quantities of in total 1027 cell wall interfaces were determined for cher1-4 and Col-0 comparison (Figure 6a, b) . Counting the frequency of PD in cell wall interfaces between parenchyma cells and between parenchyma and epidermis cells revealed 13 and 6.8 PD/100 lm cell wall interface for fully developed leaves of wild type plants. PD frequency in cell wall interfaces of cher1-4 fully developed leaves was much lower, 1.3 PD/100 lm (between parenchyma cells) and 0.7 PD/100 lm (epidermis/parenchyma cells), respectively ( Figure 6a ). Ultrastructural analysis of the PD structures observed in fully developed leaves of cher1-4 mutant plants revealed the absence of complex PD between all cell types analysed (Figure 6c-j) . PD maturation from simple to complex structures occurs during leaf development. To gain further insight into PD maturation in wild type and cher1-4 mutant leaves, PD numbers and structures were determined also in developing leaves of wild type and cher1-4 plants (Figure 6b ). Although the decrease in PD number in cher1-4 was less pronounced, it was still conclusive, 9.6 compared to 3.2 PD/100 lm cell wall interface between parenchyma cells and 4.9 compared to 1.1 PD/ 100 lm between epidermis and parenchyma cells (Figure 6b) . More contrasting than the number, the structure of PD was altered in developing leaves of cher1-4 mutants. While the majority of PD in wild type leaves belonged to the complex type (113 complex compared with 79 simple PD), only one potentially complex PD compared with 70 simple PD could be found in developing leaves of cher1-4 plants ( Figure 6b ). This complex plasmodesma was found between two adjoining parenchyma cells indicating that complex PD formation is not totally abolished but drastically reduced in all observed cell types ( Figure S9 ). Hence, the maturation from simple to complex multi-channel PD (Ehlers and Kollmann, 2001; Westerloh 2013, Faulkner et al., 2008; Oparka et al., 1999) is highly impaired in cher-1 mutant plants. The observed reduction in the number of PD in cher1 raised the question whether formation of primary and/or secondary PD would be impaired.
To distinguish between primary and secondary PD, in total (b) Detailed profile of phosphatidylcholine molecular species (n = 5 biological replicates). Molecular species are represented as their lipid class abbreviation (PC) followed by their acyl chain composition in brackets. Acyl chains are depicted as their number of carbons followed by their number of double bonds after a colon. Individual chains are separated by a slash. 145 anticlinal and 136 periclinal cell wall interfaces of the shoot apical meristem (SAM) of five different seedlings from wild type and cher1-4 mutants were investigated at the microscopic level. In dicot plants, the SAM is regularly organised in three distinct cell layers (L1, L2 and L3), considering L1 and L2 exclusively undergo anticlinal cell division (Huala and Sussex, 1993) , connecting PD formed during cytokinesis are primary in each layer while interconnecting PD between these distinct layers are formed de novo and are therefore secondary (Lucas, 1995; Ehlers and Kollmann, 2001 ). This organization of the vegetative meristem enables the discrimination of primary and secondary PD in TEM images of cher1-4 and Col-0 plants (Figure 7a-h ). Comparative quantification revealed normal occurrence of primary PD (the ratio cher1-4/Col-0 was calculated to be 1.2) while secondary PD occurrence was reduced but not abolished (Table S5 ) (the ratio cher1-4/Col-0 equals to 0.43) indicating an approximate 50% reduction of secondary PD formation in cher1-4 (Figure 7i ). Taken together, primary PD formation during cytokinesis is unaffected in CHER1 deficient plants, however, de novo formation of secondary PD is remarkably impaired and maturation of simple to complex PD almost abolished in cher1-4 plants.
DISCUSSION
Plasmodesmata are plasma membrane lined pores in the cell wall that enable a tightly regulated cell-to-cell transport throughout the plant. Consequently, they possess a key role for the coordination of plant growth, development as well as defense processes. Former studies using forward genetic approaches to unravel plasmodesmal components relied on screenings for altered symplastic movement of fluorescent tracers, such as GFP or F-dextran. This led to the identification of ISE1 and ISE2, two putative RNA helicases, and a plastidic thioredoxin, that influence PD function by modulation of ROS levels (Kim et al., 2002; Kobayashi et al., 2007; Benitez-Alfonso et al., 2009; Stonebloom et al., 2009) . (Table S5 ). The quantity of secondary PD between cher1-4 and Col-0 was significantly different; P ≤ 0.01 determined by a modified Student's T-test.
In our screening approach we made use of the selective binding of PLRV MP17 to branched PD and screened the M2 progeny of EMS-mutagenised Col-0/MP17-GFP seeds for mutants with an altered PD binding of MP17-GFP revealing a choline transporter family protein (CHER1) mutant. The identity of the CHER1 gene could be confirmed by the T-DNA insertion mutant SALK_065853C (cher1-4) and additional CHER1 knockdown plants that were generated by transformation of an amiRNA construct targeting CHER1 in the Col-0/MP17-GFP background. In the previous publication of Dettmer et al. (2014) , the authors could demonstrate that CHER1 is a choline importer and that mutation in the Cher1 gene result in reduced choline and phosphocholine levels in roots. We detected a similar reduction of both metabolites in the leaves. In studies of Cruz-Ram ırez et al. (2004) and Mou et al. (2002) the recovery of choline metabolite mutant phenotype was obtained by exogenous choline supplementation while our efforts to complement the cher1 mutant failed. Based on this result it is tempting to speculate that CHER1 is involved in the subcellular distribution of choline which seems to be a prerequisite for normal PD development. Since choline serves as a precursor for the synthesis of PC (Li-Beisson et al., 2013), the major phospholipid in eukaryotic membranes (Inazu, 2014) , we studied the influence of CHER1 on the global profile of membrane lipids. Investigating the distribution of PC in detail, a slight shift of the four major PC molecular species can be detected, suggesting that the point mutation of cher1-5 leads to a hampered biological functionality similar to the T-DNA insertion line cher1-4. Whether the observed fluctuations in lipid composition are a direct consequence of the CHER1 mutation or of the described developmental phenotype cannot be resolved. Since PD constitute a negligible portion of the total membrane surface, alterations in the composition of PD and their close environment cannot be excluded. To distinguish between an impaired MP17 accumulation affected by altered membrane composition and an influence on PD in general, we performed an aniline blue stain to detect the callose deposition at the neck region of PD (Zavaliev et al., 2011) . Similar to MP17 localisation the aniline blue stain revealed fewer PD signals along the cell wall in cher1 mutants. To gain an implicit insight into PD distribution and structure we performed TEM. This study revealed no significant changes in the formation of primary PD in the SAM. However, formation of secondary PD was reduced by approximately 50%. During leaf development differences in structure and number of PD became increasingly obvious. While the PD number between parenchyma cells of developing cher1-4 leaves showed an approximately three-fold reduction, a ten-fold reduction in PD number between parenchyma cells was found in fully developed leaves of cher1-4 mutants compared to wild type. During leaf development PD maturation occurs, resulting in the transition from simple to complex PD (Oparka et al., 1999; Faulkner et al., 2008) . This transition is drastically affected in the cher1-4 mutant. While in fully developed leaves of Col-0 plants most PD were found to be complex, no complex PD could be observed in fully developed leaves of the cher1-4 mutant.
Taken together these findings illustrate the crucial role of CHER1 in PD formation, maturation and manifestation. The observation that formation of primary PD is not affected in cher1 mutant plants suggests that lipid remodeling during secondary and complex PD formation might be important. Although both processes are barely understood, it is quite likely that during de novo formation of PD cell wall perforation has to occur which allows the ingrowth of the plasma membrane and eventually leads to membrane fusion and cytoplasmic connectivity between two cells (Jones, 1976; Lucas and Wolf, 1993) . Along with this ingrowth, physico-chemical properties of the plasma membrane and the endoplasmic reticulum must change. These changes require incorporation of specialized membrane proteins such as plant reticulon family proteins (Kriechbaumer et al., 2015) and modulation of lipid composition (Tilsner et al. 2016) to promote membrane curvature (Zimmerberg and Kozlov, 2006; Armbruster et al., 2013) . Remodeling of the lipid composition requires selective lipid degradation catalyzed by for instance phospholipase D followed by re-synthesis and incorporation of newly formed lipids. The latter process may be hampered in cher1 mutants, because subcellular distribution of choline and/or composition of distinct vesicles essential for PD formation and maturation (Haywood et al., 2002) may have changed, affecting lipid composition and remodeling of PD negatively. Whether this or alternative mechanisms are the cause of the observed phenotype remains to be shown. Noteworthy, MP17-GFP is described to localise exclusively in the central cavity of complex PD (Fitzgibbon et al., 2013) , which are absent in cher1-4 fully developed leaves. The faint PD binding of MP17-GFP in cher1-4/MP17-GFP and cher1-5/MP17-GFP mutant plants points to the initiation of PD maturation which, however, is not completed. The observation that formation of primary PD is not affected in cher1 mutant plants highlights the importance of CHER1 for PD maturation rather than PD formation during cytokinesis. The process of PD maturation is developmentally regulated and can result in duplication, sieve pore formation and branched architecture (BenitezAlfonso, 2014; Sevilem et al., 2015) . Dettmer et al. (2014) identified CHER1 as one of the major regulators for sieve pore formation and cher1 mutants display reduced sieve plate area, decreased pore density and longer retention of the desmotubule in sieve pores. In this study, we describe CHER1 as a more general regulator of PD modification highlighted by a strong decrease in PD number, an impairment of complex PD manifestation in different cell types and developmental stages as well as the reduced de novo synthesis of secondary PD in the SAM ( Figure S10 ).
To the best of our knowledge, the described mutant plants are unable to develop complex PD in their fully developed leaves. Therefore, cher1 mutants are versatile tools to unravel the formation and composition of these fascinating structures which have been hiding their secrets for more than 100 years.
EXPERIMENTAL PROCEDURES Plant material and cultivation
The T-DNA insertion line cher1-4 (SALK_065853C) was obtained from Nottingham Arabidopsis Stock Centre. Homozygous plants were identified by PCR amplification using the primer combination LP and RP for wild type and the primer combination RP and BP for T-DNA. Primer lists are provided in Table S2 . Transgenic Arabidopsis expressing p35S:MP17-GFP have been described previously by Kronberg et al. (2007) . Arabidopsis plants stably complemented with the chimeric pCHER1:CHER1-YFP gene were previously published by Dettmer et al. (2014) . Arabidopsis thaliana seeds were sown on soil and stratified at 4°C for 2 days to synchronize germination. Following stratification, plants were cultivated under short-day conditions (SD; 8 h light at 22°C, 16 h dark at 19°C). For seedlings culture seeds were surface sterilized and cultivated in liquid 0.25 9 MS basal salt mixture, 0.025% 4-morpholine ethanesulfonic acid (MES) pH 5.7 and 1% sucrose while constantly shaking under long day conditions (LD; 16 h light at 22°C, 8 h dark at 19°C) for 1 week after 2 days of stratification at 4°C. Tobacco plants (Nicotiana benthamiana) were grown in soil in a greenhouse (16 h light at 25°C, 8 h dark at 21°C; 250-300 lmol m À2 sec À1 light; 40% relative humidity) with daily watering.
Choline chloride complementation assay
Seeds were surface sterilized, stratified at 4°C for 2 days and cultivated on MS medium (1 9 MS basal salt mixture, 0.5% MES pH 5.7, 1% sucrose and 1% agar) supplemented with 5 or 10 mM choline chloride. Seedlings were grown under long-day conditions (LD; 16 h light at 22°C, 8 h dark at 19°C) on horizontally positioned plates for 10 days.
Sugar measurements
For sugar and starch measurements we sampled five biological replicates per line (plant age: 6 weeks) and two technical replicates per plant from opposing leaves. Determination of glucose, fructose, sucrose and starch levels was done as described previously by Voll et al. (2003) .
Choline and phosphocholine measurement
For each line four biological replicates of about 25 mg of fresh Arabidopsis leaf tissue (plant age: 10 weeks) were frozen in liquid N 2 and ground to a powder in a cold mortar. Metabolites were extracted with MeOH:CHCl 3 :H 2 O (ratio 6:2:2) as extraction buffer (Patell Villoo et al., 2010) . MS analysis and choline and phosphocholine quantification were conducted as described in Figure S7 .
Mutant screening and map-based cloning
Seeds of the p35S:MP17-GFP expressing Arabidopsis line Col-0/ MP17-GFP were subjected to EMS mutagenesis (Lehle Seeds, Round Rock, TX, USA) and 3840 plants of the M2 generation were screened for mutants with altered MP17 localisation at PD of source and senescent leaves. Map-based cloning was performed as described by Vogel et al. (2011) .
Plasmid construction and localisation
For localisation of CHER1 the coding sequence of At3g15380 was amplified by PCR. The obtained fragment was cloned into pENTR-D/TOPO vector according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA, USA) and subsequently recombined into the binary Gateway destination vector pK7FWG2 (Karimi et al., 2002) for C-terminal GFP fusions, respectively, using LR-Clonase (Invitrogen). For co-localisation studies we used p35S:tagRFP-Ara7. Ara7 was previously described by Ueda et al. (2001) as early endosomal marker and amplified by PCR and cloned into the binary vector pGWB611 (Nakamura et al., 2010) . The final constructs were transformed into Agrobacterium tumefaciens strain C58C1 carrying the virulence plasmid pGV2260. Bacteria cultures carrying differ constructs were resuspended in infiltration buffer (10 mM MgCl 2 , 10 MES buffer (pH 5.6), 150 lM acetosyringone), adjusted to oD 600 of 0.1 and mixed with equal volumes. Transient expression was achieved through pressure infiltration in 4-week-old Nicotiana benthamiana plants as described previously (Priller et al., 2016) . Two days after infiltration, localisation was analysed by CLSM using a Leica TCS SP5 II (Leica Microsystems; Wetzlar, Germany). Cell walls and nuclei of disrupted cells were stained by incubation of the tissue in propidium iodide solution (1 mg ml À1 in H 2 O; Sigma-Aldrich, Munich, Germany) for approximately 5-10 min. Aniline blue fluorochrome was purchased from Biosupplies Australia and callose stain was performed according to manufactures recommendations in vivo. For CLSM, leaf segments of Arabidopsis and N. benthamiana were cut and abaxial leaf sides were scanned. Aniline blue stained callose was exited with a 405 nm diode laser and emission was detected between 439 and 484 nm. Excitation of GFP and propidium iodide was performed using a 20 mW argon laser at 488 nm, GFP emission was detected between 497 and 526 nm and propidium iodide between 598-650 nm for a comparative analysis of GFP fluorescence in wild type and mutant plants and were generated at equal settings for excitation/detection. CLSM images for CHER1-GFP fusions are maximum projections of stacks and were superimposed using the Leica Confocal Software 2.5 (Wetzlar, Germany). All other CLSM images represent single optical sections.
Generation of CHER1 amiRNA plants
The artificial microRNA construct directed against CHER1 was designed using the internet tool Web MicroRNA Designer WMD3 (Schwab et al., 2006) (http://wmd3.weigelworld.org/cgi-bin/ webapp.cgi) with the core sequence 'TATTGACAATCATTGAA GCCC.' In accordance with instructions on the website, the amiRNA backbone on vector pRS300 was modified using the proposed oligonucleotides to produce amiRNACHER1 (Table S2 ). The amiRNACHER1 cassette was cloned via XbaI and XhoI digestion into pAF16 (Stadler et al., 2005) , a pGPTV-BAR-derived vector for plant overexpression harbouring a 35S promoter and a BASTA resistance cassette (Becker et al., 1992) . The stable transformation of Col-0/MP17-GFP plants with the amiRNACHER1 construct was achieved by the floral dip method (Clough and Bent, 1998) .
RNA isolation
Isolation of total RNA from frozen leaf material was performed according to the method published by Logemann et al. (1987) .
Northern Blot analysis was performed as described previously by Hofius et al. (2001) .The cDNA for RT-PCR was produced by reverse transcription of DNase I-treated RNA using oligo(dT)30 primers and a RevertAid ™ H Minus First Strand cDNA Synthesis Kit (Thermo Fisher Scientific): according to the manufacturer's protocol. PCR-amplification of ACTIN2 was used as an internal control. CHER1 transcript levels were analysed by RT-PCR yielding a 472-bp fragment. Primers are listed in Table S2 .
Western blot analysis
Western blot analysis was performed as described by Thran et al. (2012) except that we used a mouse anti-GFP antibody (Roche) (1:3000) as primary antibody and a secondary antibody against mouse (1:20 000).
Lipid analysis
For lipid profiling, rosette leaves of 6-week-old Arabidopsis plants (Col-0, cher1-5 and cher1-4) were harvested. For each measurement five biological replicates were analysed. Analysis of lipid molecular species was performed as described in Tarazona et al. (2015) .
Next generation sequencing
Genomic DNA was isolated as already described by Aitchitt et al. (1993) except that washing with 70% ethanol was repeated three times and the pellet was resuspended in MQ + RNase (100 lg ml À1 ). After ultrasonic shearing of 1000 ng of genomic DNA we performed automated library preparation using the SPRIworks System III for Thermo Fisher Scientific. For the templated bead preparation we used the EZbead system from Life Technologies according to the manufacturers protocols. This library was sequenced on the SOLiD system (Life Technologies), generating 94 156 791 color space fragment reads of 50-bp length. After mapping to the tair10 reference genome using the LifeScope software package (version 2.1), this translated to an average genome wide coverage of 5.53. Variant detection using diBayes and LifeScope small-indel yielded 129 784 SNPs and 16 069 small indels, respectively. Next generation sequencing data from this article can be found in the National Center for Biotechnology Sequence Read Archive under accession number SRX708557.
Light and electron microscopy
For comparative histological and ultrastructural analysis conventional and microwave proceeded fixation, substitution and resin embedding of seedlings and rosette leaves from 8-week-old Arabidopsis wild type plants and cher1-4 mutant was performed as described (Table S4 ). Therefore two leaf cuttings of a size of 2 mm 2 from the central part of developing and fully developed rosette leaves from four different leaves of four different plants were used for sample preparation. To analyse meristematic tissue, the apical shoot area of 15 seedlings each have been used for sample preparation. For histological analysis semi thin sections with a thickness of approximately 2.5 lm were mounted on slides and stained for 2 min with 1% methylene blue/1% Azur II in 1% aqueous borax at 60°C prior to light microscopical examination in a Zeiss Axio Imager M2 microscope (Carl Zeiss Microscopy GmbH, G€ ottingen, Germany). Ultra-thin sections with a thickness of approximately 70 nm were cut with a diamond knife, transferred onto TEM-grids and contrasted in a LEICA EM STAIN (Leica Microsystems, Vienna, Austria) with uranyl acetat and Reynolds' lead citrate prior to ultrastructural analysis by a Tecnai Sphera G 2 transmission electron microscope (FEI, Eindhoven, The Netherlands) at 120 kV.
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